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We have generated wing disc com-partments that contain marked 
fast growing M+ clones surrounded by 
slow dividing M/+ cells. Under these 
conditions the interactions between fast 
and slow dividing cells at the clone bor-
ders frequently lead to cell competition. 
However, our assay suppressing apopto-
sis indicates that cell competition plays 
no major role in size control. We argue 
that cells within a compartment prolif-
erate according to their genotype inde-
pendently of each other and that their 
contribution to the final structure will 
depend solely on their proliferation rate. 
This model is supported by a computer 
simulation that predicts values similar to 
those found experimentally. Our results 
on the growth of M+ clones within com-
partments and on the expression of devel-
opmental genes like vestigial and wingless 
suggest the existence of a non-cell auton-
omous mechanism that functions at the 
level of the entire cell population. It mea-
sures the population size in each moment, 
determines the corresponding expression 
levels of developmental genes and estab-
lishes the time to arrest growth.
Introduction and Historical  
Background
One major and still unresolved question 
in Biology is the mechanism that ensures 
that different body organs achieve the right 
size and then stop growth. This issue has 
been experimentally addressed in many 
model organisms.1-3 As for many other 
biological problems, Drosophila is a con-
venient system to look into this problem. 
And within Drosophila the imaginal discs 
offer the advantage that many growth and 
other relevant developmental parameters 
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are well known after many years of stud-
ies. We deal here with the issue of size 
control in the wing disc, in connection 
with the dynamics of growth of the disc 
and the phenomenon of cell competition. 
We extend some of the ideas presented in 
a recent publication.4
For a better comprehension of the prob-
lem it is convenient to consider the history 
of the experiments and ideas involved. A 
key factor was the development during 
the late sixties/early seventies of the past 
century of methods to trace the lineage 
of the imaginal discs.5,6 These methods 
relied on X-Ray induced mitotic recombi-
nation to induce clones of cells homozy-
gous for cuticular markers. The study of 
the frequency and size of clones initiated 
at different developmental stages provided 
important information about the growth 
dynamics of the imaginal discs. These 
were the only structures studied with these 
methods because the marker mutants used 
could only be scored in the adult cuticle.
The wing disc was the most thor-
oughly analysed with these methods.5,6 It 
was found that it grows essentially during 
the larval period, starting at the end of the 
first instar and finishing shortly after the 
initiation of pupariation. The initial num-
ber of cells was about 40–50 and the final 
number about 50,000. Assuming that all 
cells contribute equally to the final disc, 
it would mean that each cells contributes 
with 1,000 cells to the final structure 
through about 10 divisions. Our recent 
work4 confirms these values, with some 
relatively minor discrepancies. One impor-
tant observation was that all the disc cells 
proliferate roughly at the same rate, since 
clone sizes were relatively homogenous.
The introduction of the Minute tech-
nique7 represented a major advance in 
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compartment (see Fig. 1F), the rest of the 
cells had to have their progeny adjusted so 
that the final size is normal.
The second observation was that clones 
of slow-dividing cells generated in experi-
ment II were eliminated after 24 hours. 
This was very surprising because those 
M/+ cells were viable—flies of the M/+ 
genotype used were viable and fertile. The 
implication was that the slow dividing 
M/+ cells were eliminated because they 
were within the same population with fast 
dividing M+ cells. Somehow they could 
not compete with M+ cells, hence the 
term cell competition. The phenomenon 
implicated a cellular interaction between 
two types of viable cells that resulted in 
the elimination of one type. It was shown 
later that out competed M/+ cells are elim-
inated by apoptosis mediated by the JNK 
pathway.12
the disc derivatives, they could not cross 
over certain boundary lines. This dem-
onstrated the existence of lineage mod-
ules (compartments). The detailed study 
of the developmental potential of these 
clones led to the formulation of the com-
partment hypothesis.9,10 The compart-
mentalization process has been reviewed 
many times and is not central to this 
report.
In addition, there were two other 
observations that are relevant to size con-
trol. First, it was found that individual 
M+ clones generated in experiment could 
fill the greater part of a compartment and 
yet compartment size remained normal. 
This indicated, as noted by Crick and 
Lawrence,11 that there is a size control 
mechanism that can cope with different 
division rates. It seemed clear that if a 
single clone makes up to say 50% of the 
lineage studies: it consisted of a modifica-
tion of the mitotic recombination method 
that allowed experimental manipulation 
of cell division rates during development. 
It was based on the finding that the divi-
sion rate of cells is autonomously depen-
dent on the doses of Minutes (hereto after 
referred as M), a group of genes encoding 
ribosomal proteins.8 Cells with two doses 
(wildtype, M+) divide faster than cells with 
one (M/+) dose. The original report of the 
method included two different experi-
ments: (I) induction of fast dividing M+ 
clones surrounded by slow dividing M/+ 
cells and conversely, (II) induction of slow 
dividing M/+ clones surrounded by fast 
dividing M+ cells.
There were several significant observa-
tions from these experiments. An impor-
tant one was that although M+ clones in 
experiment I could occupy large part of 
Figure 1. the figure illustrates our view of some key events during the growth of an early M+ clone (dark gray) in the posterior compartment of a M/+ 
wing disc. the anterior compartment is labelled green and the posterior turquoise. the blue line represents the A/P compartment boundary. the 
clone was induced during the first larval period (A), and because of its high growth rate, it covers a substantial part of the posterior compartment 
by early third instar (C). Due to the contribution of the M+ clone the posterior compartment is proportionally bigger than the anterior compartment. 
At that time the vestigial gene is expressed in a thin band (red/yellow) of cells in the dorso-ventral boundary. By mid third instar (D), because of the 
high proliferation rate of the M+ cells, the posterior compartment has already reached the final size and stops growing. Meanwhile the sister anterior 
compartment is smaller and continues growing. interestingly, the expression of vestigial is more advanced in the posterior compartment, as indicated 
by the broader domain, and within the posterior compartment it is equally expressed in the M+ and M/+ territories, suggesting that its expression is 
determined by a supra cellular mechanism. By late third instar (E) the anterior compartment reaches final size and stops growth. the image in F is a 
photograph of a disc with an early M+ clone (lacking the blue marker) covering about half the compartment and delineating in part the A/P compart-
ment border. the posterior compartment is labelled red with anti-Engrailed antibody.
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M+ clones within the frame of a normal 
size compartment?
In our opinion, as illustrated in Figure 
1, the answer lies in the mode of action of 
the mechanism that arrests growth once 
a compartment has reached final size. 
As pointed out above, this mechanism 
is compartment autonomous,13 but it is 
non-cell autonomous, since it integrates 
cell lineages that contribute differently to 
the final size. Moreover, it does not count 
number of cell divisions because M+ cells 
divide many more times than M/+ cells.
The key idea is that the presence of 
an overgrowing M+ clone in a M/+ com-
partment causes an early growth arrest, as 
compared with a sister M/+ compartment, 
e.g., the other anterior or posterior com-
partment present in the same disc. The 
high growth rate of the M+ clone gener-
ates more cells, and as a consequence it 
reaches the final arresting size ahead of the 
sister compartment. If the M/+ cells were 
to proliferate at their normal rate for the 
whole duration of the M/+ larval period, 
the sum of the contributions of the M+ and 
M/+ cells would produce an excess of tis-
sue. But it is prevented by the early growth 
arrest of the affected compartment. This 
hypothesis implies that the development 
of a M/+ compartment containing a M+ 
clone is more advanced than one without. 
It also implies that there should be a time 
in which the M/+ compartment with a M+ 
clone has stopped growth whereas the sis-
ter M/+ compartment is still growing. We 
assayed the expression of vestigial (vg) and 
wingless (wg) genes to monitor the develop-
mental progression of these compartments. 
It is known that the expression patterns of 
these genes evolve during development,15,16 
and this feature can be used to monitor 
the progression of disc compartments.13 As 
illustrated in Figure 1 the compartment 
with the M+ clone is more advanced and 
therefore will arrest growth ahead of the 
compartment without it.
We know nothing about the nature of 
this mechanism, except that it appears to 
work at the level of the entire cell popu-
lation. Growth inducers like Dpp17-19 or 
growth suppressors like the Hpo path-
way20 do not show significant functional 
alterations at the time of growth arrest, 
thus they do not seem to be directly 
involved. It has been suggested21,22 the 
cells. Further, the growth rate of M+ clones 
in M/+ wings is the same as in M+ wings. 
Taken together these results establish that 
cell competition has no significant role in 
size control. The cell interactions detected 
at border of the M+ clones4,14 are irrelevant 
with regard to size control.
The picture that emerges from these 
experiments is that cells with different 
division rates proliferate autonomously, 
without establishing regulatory interac-
tions with their neighbors. How much they 
contribute to the final structure will solely 
depend on their capacity to grow. The M+ 
clones contribute so much simply because 
their cells divide faster than M/+ cells.
Pursuing the idea that the contribution 
of M + and M/+ cells would simply be an 
automatic consequence of their respective 
division rates, we hypothesized that we 
could build a computer simulation able 
to mimic the in vivo situation (it can be 
downloaded from http://bacterio.cbm.
uam.es:8080/scherrera/simulations.zip). 
It incorporated the basic growth param-
eters of the wing disc, such as initial and 
final number of cells and proliferation rates 
of M+ and M/+ cells in different develop-
mental stages. Some of these parameters 
were calculated de novo. We also obtained 
a precise estimate of the average size of 
individual M+ clones generated at the time 
the disc starts growth. It turned out to be 
50% of the entire compartment (actually, 
48% in the anterior and 53% in the poste-
rior compartment).
The predictions from the computer 
simulation about the expected size of 
unique M+ clones growing in a M/+ com-
partment fit very well with the experi-
mental observations, in strong support of 
the hypothesis that different cell lineages 
develop autonomously.
A Non-Cell Autonomous  
Mechanism Controlling Overall 
Development of the Wing Disc?
The experiment of inducing M+ clones in 
the absence of apoptosis rules out a signifi-
cant role of cell competition in size con-
trol, but at the same time emphasizes the 
problem posed by the M+ clones, especially 
after our demonstration that wing cells 
proliferate autonomously. Which is the 
mechanism that integrates overgrowing 
Overgrowing M+ Clones, Cell 
Competition and the Control of 
Size
The study of the dynamics of the over-
growth of M+ clones and the possible role 
of cell competition controlling size was 
the aim of our recent work.4 All our results 
were referred to compartments since there 
is evidence13 that anterior and posterior 
compartments are autonomous units of 
growth.
The experiments inducing overgrowing 
M+ clones are relevant to study size con-
trol because the presence of these clones is 
forcing the control mechanism, which has 
to cope with cells with very different divi-
sion rates. A M+ clone occupying 50% of 
the compartment without affecting com-
partment size poses an important ques-
tion: assuming that the founder M+ cell 
arose within a group of 20 M/+ cells, it 
would mean that the remaining 19 would 
together contribute 50%, about half of 
what they would have normally contrib-
uted. How is this regulation achieved?
An obvious possibility would be a 
mechanism such as cell competition, which 
eliminates M/+ cells: as a M+ clone grows 
its cells would interact successively and 
induce apoptosis in neighbor M/+ cells. 
The end result would be a compartment 
of normal size composed of a majority of 
cells of the M+ clone, just as observed. It is 
implicit in the model that the M+ clones 
overgrow at the expense of out competed 
M/+ cells. The observation14 that there are 
M/+ cells in apoptosis located close to the 
borders of overgrowing M+ clones sup-
ported this view. We confirmed this find-
ing in our own experiments.4
A simple way to test this idea was anal-
yse the growth of M+ clones and their 
effect on compartment size in the absence 
of cell competition (apoptosis). If it were 
to play a role in maintaining normal size, 
it would be expected that its suppression 
would produce an excess of cells in the 
compartment: the progeny of M/+ cells 
that have not been eliminated. The result 
is that the suppression of cell competition 
has no detectable effect on compartment 
size. Moreover, M+ clones overgrow as 
much as they do in normal circumstances, 
indicating that they do not overgrow at 
the expense of the elimination of M/+ 
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existence of growth inhibitory mechani-
cal forces that derive from the non-uni-
formity of growth inducers like Dpp. The 
disc will stop growth when the inhibitory 
forces due to mechanical stress are able to 
counteract growth inducers. The principal 
difficulty with these models is that they 
do not consider that growth is indepen-
dently regulated in anterior and posterior 
compartments. It is not easy to see how 
general mechanical forces should discrim-
inate individual compartments.
Some of our observations may indicate 
that the size control mechanism may be a 
manifestation of a more general phenom-
enon controlling the overall developmen-
tal process in the disc. This is suggested 
by our observation (also illustrated in Fig. 
1) that the advanced expression of vg in 
a compartment with a M+ clone is not 
autonomous to the clone but it also affects 
M/+ cells outside. It may indicate that the 
control of vg expression is determined by 
an overall mechanism measuring the size 
of the compartment in each moment and 
regardless of the individual lineages. It is 
tempting to speculate the same mecha-
nism is governing the expression of devel-
opmental genes and is also in charge of 
determining the moment in which growth 
stops.
